In a series of five experiments, varying amounts of casein (60~200 gjday) were given to sheep, in the diet or via the abomasum, as supplements to various diets at several levels of intake (400~1200 gjday). Effects on growth rate and sulphur content of wool and on body weight were investigated.
INTRODUCTION
Casein is readily degraded by rumen microorganisms to ammonia, a large part of which may then be absorbed and excreted as urea (McDonald 1952; . Thus, sheep make inefficient use of diets containing large amounts of readily degraded protein, such as casein. However, when casein is administered directly into the abomasum or duodenum, the retention of nitrogen (Chalmers, Cuthbertson, and Synge 1954; Reis and Schinckel 1961; Egan 1965; Little and Mitchell 1967 ) and of energy (Blaxter and Martin 1962) is enhanced. Direct administration of casein (60 gjday) into the abomasum also causes substantial increases in the rate of wool growth in sheep receiving moderate amounts (600-800 gjday) of a roughage diet (Reis and Schinckel 1963, 1964) . The addition of L-cysteine or DLmethionine to the casein further increased the rate of wool growth (Reis and Schinckel 1964) .
These experiments left unanswered the question of whether wool growth rates approaching the potential maximum rate could be obtained by supplementing moderate dietary intakes with casein given per abomasum. Information was also needed on the amount of protein required for maximum response in wool growth and on the importance of energy intake. Accordingly, varying amounts of casein have been given to sheep as supplements, per abomasum, to various diets fed at several levels of intake.
II. EXPERIMENTAL (a) Sheep and Diet
The experimental sheep were mature Merino (sheep 6017, 6032, 6035) or English Leicester X Merino (sheep 1390, 1391, 1392, 1393) castrate males. Each animal had an abomasal cannula near the pylorus. The sheep were kept in metabolism cages in a room maintained at a temperature of 23 ± 1°C. A supplement of 1,000,000 i.u. of vitamin D was administered to each sheep once every 3 months. The sheep were fed once daily, between 9 and 10 a.m.; the composition and protein content of the diets is given in Table 1 . The sheep were weighed once weekly prior to feeding. The body weights were corrected for cumulative fleece growth. 
(b) Experimental Treatments
Casein supplements were given in five experiments carried out over a period of 3 years; details of the treatments are given in Table 2 . Each dietary treatment was continued for at least 7 weeks. The sheep in experiment 5 had previously been kept continuously for 2 years on pasture at Deniliquin, N.S.W.; sheep 6017 and 6032 were on an Atriplex vesicaria Hew. grassland, and sheep 6035 was on a Danthonia caespitosa Gaudich.-Kochia ciliata F. MueIl. grassland (Williams 1964) .
(c) Casein Supplements
The casein used was Casinal (Glaxo Laboratories); the amounts of casein given (expressed as gjday) were calculated as nitrogen X 6·37. When casein was added to the diet, the feed was first dampened with water. Abomasal infusions of casein, or casein plus DL.methionine, were administered in 2 litres of aqueous solution by gravity drips, over a period of 8-10 hI' each day, commencing when the sheep were fed.
(d) Wool Growth
Wool growth was measured on each sheep from areas (approximately 10 X 10 cm) defined by tattooed lines; the wool was removed at intervals with small animal clippers (Oster, size 40). Four sheep (1390, 1391, 1392, and 1393 ) had a tattooed patch on each shoulder, while three sheep (6017, 6032, and 6035) had one patch on the left midside. The interval between clippings was usually 2 weeks, although some intervals of 3 and 4 weeks occurred in experiment 2 (period 1) and experiment 4 (periods 1 and 2). Also, during the casein infusions, wool was removed 1 week after infusi'on commenced on some occasions, and thereafter at intervals of 2 weeks. The wool from these initial clippings was considered to be mainly wool grown during the previous treatment. This was demonstrated for sheep 1390 and 1391 during period 2 of experiment 2. Each sheep was given an intravenous injection of L-[35S]cystine (about 10 /LCi) on the day casein infusion commenced, and emergence time of the wool was estimated by the procedure of Downes (unpublished data) to be 5 days. During the experiments, the patch areas were measured on two occasions (experiment 1), three occasions (experiment 3), four occasions (experiments 4 and 5), and five occasions (experiment 2). The mean of the various estimates for each experiment was used to express wool growth as mg/cm2 /day of clean dry wool. Total growth of clean dry wool per sheep (g/day) was estimated as described by Reis and Schinckel (1964) . Pretreatment wool growth rate was the mean rate for the 6 weeks prior to treatment (4 weeks for period 3, experiment 5); wool growth rate during casein supplementation was taken to be the rate during the last 4 weeks of supplementation.
Wool growth data were also available for sheep 6017, 6032, and 6035 during 2 years at pasture prior to the present experiments. During this period wool was collected from the same midside patches as used in the present experiments at intervals of 6 weeks (Williams 1964) .
(e) Analytical
Wool samples were cleaned by the method of Reis (1967) . Sulphur content of wool (expressed as percentage in clean dry wool) was determined in duplicate samples by the procedure of Reis and Schinckel (1963) . Values given are the mean of values for the two shoulder sites. There were no significant differences between values from the two sites.
Nitrogen content of diets and of casein was determined by a Kjeldahl method as described by Reis and Schinckel (1961) .
III. RESULTS

(a) Effect of Addition of Casein to the Diet on Wool Growth Rate
The effect of adding 60 gjday casein to the diet of two sheep receiving 800 gjday diet 1 is shown in Figure 1 . Only small increases in wool growth were obtained relative to the initial rate, 13% (sheep 1391) and 16% (sheep 1390). Table 2 .
(b) Effect of Varying Amounts of Casein per Abomasum on Wool Growth Rate
The infusion of varying amounts of casein (60-180 gjday) into the abomasum of two sheep (experiments 2 and 3) resulted in substantial increases in wool growth rate. The pattern of response was sufficiently similar to allow results to be reported as mean data (Fig. 2) . In experiment 2, wool growth rate reached a maximum with 120 g casein supplementing 800 g of diet 1. For the two sheep these maximum rates of wool growth represented increases of about 180 and 150% above the basal rate. In experiment 3, the wool growth rate obtained by supplementing 400 g of diet 1 with 120 g casein was similar to the maximum rate attained in experiment 2; the maximum rates of wool growth in experiment 3 represented increases of about 360 and 270% above the basal rate. "Maximum" wool growth rates were achieved in experiment 3 with daily intakes of digestible dry matter of only about 360 g (240 g from basal diet plus 120 g from casein), whereas in experiment 2 the basal diet alone supplied about 480 g digestible dry matter. Table 2 .
The effect of casein per abomasum (100 gjday) as a supplement to 1000 gjday of two concentrate diets is shown in Figure 3 . With both diets wool growth was stimulated by the casein infusion, but the extent of the increase depended on the level of wool growth attained on the diet prior to supplementation. With diet 3, wool growth was increased 71 % by casein, whereas with diet 4 the increase was only 26%. When compared to the previous wool growth on 800 gjday diet 1, wool growth rate during casein infusion was increased by 133 and 144%.
Two sheep (1390, 1392) had received casein per abomasum previously (Reis and Schinckel 1964) ; the wool growth rates supported by casein in the previous and in the current studies are compared in Table 3 . It is apparent that the high rates of wool growth achieved with casein per abomasum are fairly reproducible and a similar high rate of growth can be obtained on different diets with intakes ranging from 400 to 1200 gjday.
The wool growth response of three high-producing Merino sheep to lOO or 200 gjday of methionine-enriched casein (Casein-Met) per abomasum, whilst receiving 400 and 800 gjday of diet 1, was studied in experiment 5 (Fig. 4) . Wool growth rates Table 2 . Reis and Schinckel (1964) . * Casein +L·cysteine.
Daily Ration on diet 1 alone were much higher than those of the sheep in experiments 2, 3, and 4. Consequently the absolute levels of wool growth obtained with Casein-Met were higher in experiment 5, although the percentage increases in wool growth rate due to Casein-Met were less. Equivalent rates of wool growth were obtained with 100 g Casein-Met supplementing 800 g diet 1 or 200 g Casein-Met supplementing 400 g diet 1. The response to 100 g Casein-Met supplementing 400 g diet 1 may be slightly lower, at least with sheep 6032 and 6035. The percentage increases in wool growth due to Casein-Met were 72-87% (800 g diet 1 plus 100 g Casein-Met), 125-148% (400 g diet 1 plus 100 g Casein-Met) and 168-181 % (400 g diet 1 plus 200 g Casein-Met). Table 2 .
The wool growth rates of these three high-producing Merinos receiving casein per abomasum have been compared with the maximum rates of wool growth from the same tattooed patches during 2 years at pasture (Table 4) . The wool growth rates with casein were 80-90% of the highest wool growth at pasture.
(c) Effect of Oasein per Abomasum on the Sulphur Oontent of Wool
The effect of increasing amounts of casein per abomasum on the sulphur content of wool was examined in experiments 2 and 3. There was a progressive increase in the sulphur content of wool with each increment of casein supplementing 800 gjday diet 1 (Fig. 5) or 400 gjday diet 1 (Fig. 6) . The sulphur content of wool was also measured before and after experiment 3 (Fig. 6) , when the sheep were given 800 gjday diet 1. Reducing the ration from 800 to 400 gjday lowered the sulphur content of wool; similar sulphur values were obtained on 800 gjday before and after casein supplementation. The highest values for the sulphur content of wool obtained during casein infusions in the present experiments are similar to the values obtained with these sheep receiving sulphur-containing amino acids per abomasum in previous experiments (Table 5) .
(d) Effect of Casein per Abomasum on Body Weight
A ration of 800 gjday diet 1 maintained the fleece-free body weight of sheep in these experiments approximately constant, at least for periods of about 8 weeks. This is in agreement with results for other sheep on this ration (Reis 1967) . The daily addition of 60 g casein to 800 gjday diet 1 (experiment 1, Table 2 ) caused a small increase in body weight, at a mean rate of about 120 gjweek for the two sheep. When the same sheep were given 60 g casein via the abomasum as a supplement to this ration, the rate of increase in body weight was greater (c. 360 gjweek); further increases in the amount of casein sustained an increase in body weight but at a declining rate [ Fig. 7(a) ]. The sheep in experiment 5 showed a similar response in body weight (an increase of c. 350 g/week) with 100 g Casein-Met per abomasum supplementing 800 g diet I (Fig. 8) . When a daily ration of 400 g diet 1 was given, body weight declined steadily [ Fig. 7(b) , Fig. 8 ]. The large drop in fleece-free body weight at the Table 2 . The sheep were shorn 4 weeks before casein supplementation commenced; body weights were stable for 8 weeks prior to shearing.
commencement of feeding 400 g (Fig. 8) was associated with shearing and the reduction in intake. Abomasal supplementation reversed the decline in body weight with 400 g diet 1 in both experiments, and resulted in substantial increases in experiment 5
[ Fig. 7(b) , Fig. 8 IV. DISCUSSION These experiments confirm an earlier suggestion (Reis and Schinckel 1964) that sheep can grow wool at rates approaching their genetic potential on low energy intakes, provided that a sufficient supply of good quality protein is available for digestion in, and absorption from, the small intestines. It is probable that wool growth rate can be increased by casein given as an abomasal supplement to any ration which maintains wool growth below the "maximum" or "potential" rate. The magnitude of the response to casein administered per abomasum depended on the wool growth rate prior to supplementation, but a similar maximum rate of wool growth, characteristic for each sheep, was achieved regardless of diet or intake. For example, in experiments 2 and 3 the same maximum rates of wool growth were achieved by supplementing 400 g diet 1 and 1200 g diet 2 with casein. This is evidence that the energetic requirements for wool growth are largely satisfied on low intakes of energy, and that the major requirement is then specifically for amino acids. The importance of amino acid composition, as well as amount, of protein has already been demonstrated by the failure of wool growth rate to respond significantly to gelatin infused into the abomasum (Reis and SchinckeI1964) . This result also indicated that the response to casein was due to specific effects of the amino acids supplied and not to the supply of additional metabolizable energy as amino acids.
It is possible to make an estimate of the amount of protein that would need to be digested and absorbed in the intestines each day to achieve near-maximal rates of wool growth. It can be calculated that 400 g diet 1 should provide about 5 g nitrogen per day absorbed as amino acids from the intestines, i.e. about 30-35 g of truly digestible protein. This estimate is based on the assumption that the amount of nitrogen reaching the abomasum on this ration would be similar to the nitrogen intake (see Hogan and Weston 1967a) ; further that 70-80% of this nitrogen would be amino acids (Hogan 1965; Clarke, Ellinger, and Phillipson 1966) , and that about 75% of the nitrogen leaving the abomasum is truly digested in the intestines ). An exact value for the amount of supplementary casein required to give maximum wool growth rate on this ration cannot be given, but is in the region of 100-120 g per day. Thus, a comparison of experiments 2 and 3 shows that the supplementation of 400 g diet 1 with 120 g casein gave maximum wool growth; also there was little increase in wool growth in experiment 5 when the casein supplement on this ration was increased from 100 to 200 gjday. Casein infused into the abomasum can be regarded as being completely digested and presumably absorbed as amino acids (Reis and Schinckel1961; Blaxter and Martin 1962) . Consequently, it would appear that about 150 g protein per day (casein plus protein supplied by the diet) needs to be digested and absorbed in the intestines to produce maximum wool growth rates. Rates of wool growth not much below maximum can be achieved with about 100 g protein. For normal diets to provide 150 g of useful protein, intakes of substantially greater amounts of crude protein would be required; based on the above calculations, about 250 gjday crude protein leaving the abomasum would be required. These estimates of the amount of truly digested protein required for wool growth, based on casein, should apply to many practical diets. This is because, on the basis of amino acid composition, plant leaf proteins, rumen microbial proteins, and casein are likely to have similar biological values (McDonald 1968) .
The conclusion that an adequate supply of protein available for intestinal digestion is the major requirement for high wool growth rates may appear to conflict with many observations that increasing the dietary supply of protein fails to increase wool growth. Ferguson (1959) , for example, found that increasing the dietary protein content above 8% had no effect on wool growth. However, Hogan and Weston (1967b) have shown that two of Ferguson's diets, though they differed widely in protein content, yielded similar amounts of protein for digestion in the intestines. Thus, it is clear that dietary protein intake may give little indication of the amount of protein digested and absorbed in the intestines. In the present study, the rations fed prior to casein supplementation in experiment 4 supplied c. 160 g and 250 g protein per day, but wool growth still responded to casein per abomasum-an indication of substantial losses of nitrogen in the rumen on these diets. Moreover, Colebrook et al. (1968) investigated a large number of protein concentrates and showed that the amount and type of dietary protein influenced wool growth rate.
The administration of casein directly into the abomasum does not result in wool growth rates greater than those obtainable by normal feeding. In fact, the sheep receiving casein in experiment 5 achieved only 80-90 % of their maximum wool growth rate at pasture. This difference may not be significant, as it is difficult to make direct comparisons between experiments 3-4 years apart, with one carried out indoors and the other at pasture. Any differences in wool growth rate between the two experiments could be related to such factors as differences in endocrine balance, age of the sheep (c. 7 years old at the time of casein supplementation, compared with 3-4 years old at pasture), or perhaps a more continuous supply of amino acids available for absorption at pasture.
Casein supplementation in experiments 2 and 3 increased the sulphur content of wool substantially and the highest sulphur values obtained in these experiments were similar to those obtained with the same sheep receiving S-amino acids per abomasum in previous experiments (Table 5) . These values for sulphur content can be regarded as maximum values for each sheep, as the abomasal infusion of L-cysteine or DL-methionine in amounts greater than 2 gjday does not increase the sulphur content of wool further (Reis 1967) . It has already been shown that the sulphur content of wool grown by sheep at different levels of nutrition is a reproducible individual characteristic (Reis and Tunks 1968) . The present results indicate that the maximum sulphur content of the wool grown by a sheep may I),lso be a reproducible characteristic. This conclusion is in agreement with the results of Doney and Evans (1968) .
The finding that the maximum sulphur content of wool is not obtained with supplements of 60 g casein agrees with previous results (Reis and Schinckel 1964) . This result and the attainment of maximum sulphur values with higher levels of casein are in accord with the hypothesis of Gillespie and Reis (1966) , who suggested that there was a balance between the supply of S-amino acids to the wool follicles and the rate of synthesis of specific high-sulphur proteins. Thus, 60 g casein produces a considerable increase in wool growth and there is presumably a relative deficit of cyst(e)ine available for incorporation into specific high-sulphur proteins. Further increases in the amount of casein supplement do not markedly increase wool growth and there should be ample cyst(e)ine available for incorporation into specific proteins.
Apart from supplying amino acids as substrate for keratin synthesis in the wool follicles, casein supplementation per abomasum may also have more general anabolic effects, perhaps by influencing the output of hormones such as growth hormone or insulin. The increases in body weight during casein supplementation may also be related to a general anabolic effect. However, the energy from casein is retained more efficiently when it is infused directly into the abomasum (Blaxter and Martin 1962) , and enhanced energy retention may account for at least part of the response in body weight. It is not possible to assess the effect of different levels of casein on the rate of body weight gain in experiments 2 and 3 as the rate of gain would presumably decline with time, depending on the extent of repletion of the body protein stores. The greater improvement in the rate of body weight change due to casein supplementation, at low dietary intakes, may also be related to the more depleted state of the body protein stores. It is evident from the response in body weight during casein supplementation that the increases in wool growth do not occur at the expense of tissue proteins.
Substantial increases in wool growth were obtained at various times of the year in response to casein supplementation and the high rates of wool growth were maintained for periods up to 6 months. These results indicate that there was no marked seasonal influence on the ability to respond to casein in these Merino and crossbred sheep, and suggest that it should be possible to sustain these high rates of wool growth more or less indefinitely. These conclusions would not be expected to apply to breeds of sheep with a large inherent seasonal rhythm of wool growth. For instance, Doney (1966) showed that wool growth in Oheviot sheep is unresponsive to changes in nutrition during the winter months and the same response pattern should apply to casein supplements per abomasum. Also, it is known that there is about a threefold range in wool production in an unselected flock of Merino sheep (Schinckel 1960) , and that the lowest producers have a limited ability to respond to improved nutrition (Williams 1964) . Consequently, lesser responses to casein, than those reported here with high.producing sheep, would be expected from sheep with an inherently low capacity to produce wool.
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